1.. Introduction {#s0001}
================

Self-monitoring of blood glucose (SMBG) has been long recognized as a key component of treatment regimens and an essential requirement in diabetes management \[[@CIT0001]\]. SMBG is important for determining medical treatment, for the detection of blood glucose levels outside of the target range and for determining the impact of lifestyle changes (nutrition, physical activity) on glucose levels. Accordingly, diabetes guidelines for SMBG even in non-insulin treated type 2 diabetes endorse SMBG as part of ongoing diabetes self-management to assist in better understanding the disease and provides a means to actively and effectively participate in its control and treatment \[[@CIT0002],[@CIT0003]\]. These guidelines are supported by abundant evidence pointing to clinical benefits following frequent SMBG in type 1 \[[@CIT0004]\], insulin-treated type 2 \[[@CIT0005]\] and non-insulin treated type 2 diabetes mellitus \[[@CIT0006],[@CIT0007]\].

However, the pain and invasiveness associated with current SMBG technology can lead to patient incompliance and insufficient number of daily measurements \[[@CIT0008]\]. Accordingly, it has been recently proposed that non-invasive glucose monitoring may encourage more frequent estimation of glucose levels and thus improve glycemic control \[[@CIT0009]\].

One commercially available non-invasive glucose monitoring device for home use is GlucoTrack ([Figure 1](#F0001){ref-type="fig"}) \[[@CIT0010]\]. GlucoTrack tracks the physiological effects of glucose variations in the earlobe tissue using three independent technologies: ultrasonic, electromagnetic, and thermal in order to estimate tissue glucose by them. The device measures specific ultrasonic, electromagnetic and thermal parameters of the tissue, which change due to glucose-related shifts in ion concentration, density, compressibility and hydration of both cellular and extracellular compartments of the tissue \[[@CIT0010],[@CIT0011]\].

Specifically, GlucoTrack measures the physiological effects that occur in the whole earlobe tissue rather than directly sampling the blood or the subcutaneous interstitial fluid (ISF). The earlobe tissue is a skin tissue, composed of the epidermis, dermis and subcutaneous layers, each composed of varying volumes of blood plasma, lymph fluid, ISF and cells \[[@CIT0013]\]. While all of these components are involved in glucose handling, their glucose concentrations vary in a given time \[[@CIT0013]\]. Indeed, the presence of a lag in glucose concentration in all skin layers ISF relative to the blood has been widely reported and acknowledged \[[@CIT0014],[@CIT0015]\], and has been a major issue previously confronted by continuous glucose monitoring systems (CGMs) \[[@CIT0013],[@CIT0015],[@CIT0016]\]. Since the time lag of glucose dynamics varies depending on the properties of the skin layer (e.g. volumes of interstitial fluid, cells, and blood) \[[@CIT0013]\], estimating glucose from the whole tissue subjects GlucoTrack accuracy to suffer from a time lag between the glucose concentration in blood and ISF of all skin layers. Thus, the accuracy of GlucoTrack may be affected by a general blood-tissue time lag that depends on a total lag between ISF and blood.

The total duration of the physiological lag between blood and ISF is mostly determined by blood perfusion at the measured site \[[@CIT0017]\]. Although GlucoTrack mitigates some of this lag through a unique algorithm \[10,11\], this perfusion-related delay can be considerably different among individuals with different clinical characteristics. We have recently shown that age, gender, body mass and the presence of ear piercing do not have an effect on GlucoTrack performance \[[@CIT0018]\], despite their potential effects on tissue characteristics (e.g. structure and hydration status) \[[@CIT0019],[@CIT0020]\]. However, the time lag was shown to depend on other individual characteristics, specifically those related to microvascular complications. For example, diabetes duration, higher levels of HbA1c and smoking history were previously associated with risk of microvascular events \[[@CIT0021]\]. By exerting effects on the time lag, these clinical characteristics may postpone the changes in tissue glucose levels and as a result their corresponding tissue parameters. Thus, there might be discrepancies between actual blood glucose levels and the tissue glucose estimated by these tissue parameters. Therefore, the current study evaluated GlucoTrack performance as a function of diabetes duration, smoking history and HbA1c levels.

2.. Subjects, materials and methods {#s0002}
===================================

2.1.. Participants {#s0003}
------------------

135 subjects with type 2 diabetes were screened. 21 subjects did not complete the clinical trial mainly due to unavailability of the subject or technical malfunctions during data acquisition. Thus, the present study evaluated GlucoTrack performance on 114 people with type 2 diabetes above the age of 18 according to the device intended use. Exclusion criteria included earlobe scratches, birthmarks, multiple piercing or any other condition that may hamper the contact between the personal ear clip (PEC) and the earlobe. Due to constrains derived from the mechanical shape and size of the sensors' assembly, subjects with earlobes of less than 14 mm or above 25 mm in diameter and subjects with earlobe thickness lower than 3 mm or above 6 mm were excluded from the study. Participants on dialysis and pregnant or nursing women were also excluded from the study due to imbalance in their water and mineral state \[[@CIT0024],[@CIT0025]\].

2.2.. Clinical characteristics {#s0004}
------------------------------

Sixty-five subjects were only on oral medication (57%), 6 subjects were only on insulin (5.3%), 40 subjects were on both insulin and oral medication (35.1%) and 3 subjects were not on either oral or insulin treatments (2.6%). Diabetes duration, smoking history and HbA1c level were chosen to represent the perfusion-related clinical characteristics that may affect the measured tissue parameters. The clinical characteristics of the subjects are summarized in [Table 1](#t0001){ref-type="table"}.

###### 

Participants\' clinical characteristics and the number of paired GlucoTrack-invasive readings.

  Category                                          No. of subjects   No. of paired readings
  ------------------------------------------------- ----------------- ------------------------
  Smoking history                                                      
   Former/current smokers                           44                2002
   Never smokers                                    70                3111
  HbA1c level (%)[^a^](#TF1){ref-type="table-fn"}                      
   ≤7.5                                             58                2588
   \>7.5                                            42                1872
  Diabetes duration (years)                                            
   0-5                                              10                801
   5--10                                            25                1404
   10--15                                           25                1605
   \>15                                             29                1303
  Total                                             114               5113

The data was available from 100 participants.

The analyses of the HbA1c data were conducted on 100 participants due to unreported data by 14 subjects. To note, subjects' stratification was conducted retroactively and their enrolment was only based on the exclusion/inclusion criteria aforementioned and did not depend on these clinical characteristics. Participants were stratified based on diabetes duration by 5 year strata, as has been previously done \[[@CIT0021]\]. This previous study has shown that for each 5 year increase in diabetes duration, the risk of microvascular events was increased by 28%. The threshold of HbA1c categorization was set to 7.5%. This threshold was determined based on research showing that in participants with type 2 diabetes, a higher level of HbA1c is significantly associated with higher risks of microvascular events in threshold above 7.0% \[[@CIT0026]\] and that individuals with HbA1c in the range of 7.0--7.9% have nine-fold higher prevalence of mild and moderate retinopathy than people with HbA1c ≤ 6.9% \[[@CIT0022]\]. Smoking history was dichotomized to never smokers and former/current smokers, as has been previously done in epidemiological studies \[[@CIT0027]\].

2.3.. Procedure {#s0005}
---------------

Clinical trials were conducted in the diabetes unit of the Soroka University Medical Center, Be'er Sheva, Israel. The study protocol was approved by the local ethics committee and all participants signed an informed consent form. Trial Registration: ClinicalTrials.gov Identifier: NCT00889668 (<http://www.clinicaltrials.gov>).

On the first day of the study participants underwent individual PEC adjustment to ensure comfort, optimal fit and good sensor-to-tissue contact for each ear width. The PEC was then individually calibrated to establish an individual baseline for the detection of physiological changes. The calibration process involved three paired measurements of GlucoTrack and an invasive reference, with 10 minute intervals between each pair. The invasive blood glucose measurements were obtained from finger capillary blood using the HemoCue® Glucose 201 RT system (Ängleholm, Sweden). GlucoTrack spot measurements were conducted by placing the PEC on the participants' earlobes. Each measurement took about 1 minute. After completing the measurement, the PEC was removed, the glucose level was displayed on the screen of the device and recorded in the clinical research form.

The study involved two to three non-consecutive days of sampling in the course of one month. Each trial-day continued for 8 to 10 hours (between 8:00 AM to 6:00 PM) and included about 16 simultaneous paired measurements with GlucoTrack and HemoCue. On each trial day, subjects received meals and fruits in order to produce variability in their glucose profiles. Paired GlucoTrack-HemoCue measurements were taken before and between 30 to 210 minutes after food consumption \[[@CIT0012]\].

2.4.. Evaluation methods {#s0006}
------------------------

GlucoTrack performance was evaluated using clinical and numerical accuracy methods \[[@CIT0028]\]. Clinical accuracy was assessed using Clarke error grid (CEG) analysis that evaluates medical importance of the differentiations between GlucoTrack and the established invasive blood glucose reference method \[[@CIT0029]\]. In this analysis, a grid breaks down a scatterplot of a reference glucose monitoring device and an evaluated glucose monitoring device into five regions: region A includes values within 20% of the reference, region B contains points that are outside of 20% but would not lead to inappropriate treatment, region C consists of points leading to unnecessary treatment, region D includes points indicating a potentially dangerous failure to detect hypoglycemia or hyperglycemia, and region E contains points that would confuse treatment of hypoglycemia for hyperglycemia and vice versa. Region A is considered clinically accurate and region B is considered clinically acceptable. Numerical accuracy was assessed using absolute relative difference (ARD) of paired GlucoTrack-HemoCue measurement readings, calculated as follows: ARD=\|GlucoTrack-HemoCue\|/HemoCue\*100\[%\], where GlucoTrack refers to measurement result of GlucoTrack and HemoCue refers to measurement result of HemoCue. The distribution of ARD values was used to gain statistical insights on the device performance across HbA1c level, diabetes duration and smoking history.

### 2.4.1.. Statistical analysis of ARD values {#s0007}

An adequate statistical evaluation requires consideration of the nested nature of the data (data for each subject are organized in multiple levels) and residual distribution of the outcome (ARD). Hence, statistical framework of generalized linear mixed effects models was used to identify the model with the best fit to the data. The Akaike Information Criterion (AIC) was used to choose the best model that fits the data: gamma residual distribution with log link function. Repeated measurements were nested within corresponding days and the latter were nested within subjects. The differences between clinical characteristics categories were examined using two different statistical tests: the likelihood ratio test (LRT) and the parametric bootstrap test (PBT) \[[@CIT0030]\]. Two statistical tests were used to ensure the robustness of the findings. All statistical analyses were performed using R software (version 3.2.3) and the Ime4 package \[[@CIT0031]\].

3.. Results {#s0008}
===========

Overall GlucoTrack accuracy {#s0009}
---------------------------

CEG analysis showed that 98.0% of the measurements (5,113 cases) were in the clinically acceptable zones A and B, with 52.3% in the clinically accurate zone A. 2.0% were in zone D. No data points fell in zones C or E. Total mean ARD was 22.7% and total median ARD was 19.0%.

Diabetes duration {#s0010}
-----------------

For each group between 801 and 1,605 paired GlucoTrack-HemoCue readings were obtained ([Table 1](#t0001){ref-type="table"}). Clinical accuracy measured by CEG was comparable for all duration groups, with a marginal decrease for above 15 years of diabetes duration ([Figure 2(A)](#F0002){ref-type="fig"}). Comparison of ARD values within each group revealed similar mean and median values ([Figure 3(A)](#F0003){ref-type="fig"}). According to LRT and PBT, no significant relationship was found between ARD and diabetes duration (χ2 (3) = 2.26, pLRT = 0.52, pPBT = 0.56).

![GlucoTrack non-invasive monitoring device. A. The device includes a main unit and three different sensor pairs, one per each of the three technologies, all located at the tip of a personal ear clip (PEC). B. Illustration of glucose measurement performance using GlucoTrack. The PEC is clipped to the earlobe for spot measurement.](IJDA_A_1423987_F0001_C){#F0001}

![Clinical accuracy assessed by CEG as function of A. Diabetes duration, B. HbA1c, and C. Smoking history.](IJDA_A_1423987_F0002_B){#F0002}

![Numerical accuracy as function of A. Diabetes duration, B. HbA1c, and C. Smoking history: Mean ARD, its model-based upper and lower 95% confidence intervals and median ARD.](IJDA_A_1423987_F0003_B){#F0003}

HbA1c levels {#s0011}
------------

Above 1,800 paired GlucoTrack-HemoCue readings were obtained for both HbA1c level groups. The clinical accuracy was slightly better in the HbA1c \< 7.5% group ([Figure 2(B)](#F0002){ref-type="fig"}). However, the mean and median ARD values were similar across groups ([Figure 3(B)](#F0003){ref-type="fig"}), and there was no statistical difference between HbA1c groups and ARD values (χ2 (1) = 0.026, pLRT = 0.87, pPBT = 0.89).

Smoking history {#s0012}
---------------

Clinical accuracy did not differ between smoking groups ([Figure 2(C)](#F0002){ref-type="fig"}). Mean and median ARD were also similar across groups ([Figure 3(C)](#F0003){ref-type="fig"}) and it did not depend on smoking history (χ2 (1) = 0.025, pLRT = 0.87, pPBT = 0.93).

4.. Discussion {#s0013}
==============

Non-invasive glucose monitoring holds great promise for improved management of diabetes, since it may alleviate the pain associated with frequent skin pricking. The accuracy is an essential requirement from emerging non-invasive systems for people with diabetes. However, showing overall accuracy is insufficient. It is also important to evaluate how clinical characteristics of its users affect device performance to ensure its suitability for a broad range of people \[[@CIT0032]\]. In the present study, we investigated the performance of GlucoTrack among people with type 2 diabetes with different clinical characteristics that may influence the accuracy of GlucoTrack by affecting the time lag between blood and tissue glucose and thus changing the levels of glucose estimated from the tissue. Overall, our results show that the accuracy of the device does not depend on diabetes duration, smoking history or HbA1c level. These results extend previous findings, showing that demographic factors such as age, gender, body mass and the presence of ear piercing do affect GlucoTrack performance \[[@CIT0018]\], further advocating GlucoTrack's suitability for type 2 diabetes mellitus population.

GlucoTrack estimates glucose from the whole earlobe tissue. The epidermis, dermis and subcutaneous layers of the skin have been shown to vary in volumes of blood plasma and ISF, which affect the time lag of glucose dynamics \[[@CIT0013]\]. Thus, an important determinant of GlucoTrack accuracy is the total physiological time lag of glucose transport from the vascular to the interstitial space of all three skin layers of the earlobe. This physiological delay mainly depends on blood perfusion which influences vascular permeability \[[@CIT0017]\]. In this study we focused on three clinical characteristics that have been associated with microvascular complications: diabetes duration \[[@CIT0021]\], HbA1c levels \[[@CIT0026]\] and smoking history \[[@CIT0023]\]. To comprehensively assess GlucoTrack performance as a function of these factors, accuracy was evaluated both numerically (ARD distribution) and clinically (CEG) \[[@CIT0028]\]. Our results show that GlucoTrack numerical and clinical accuracies were not affected by smoking history. In contrast, the clinical accuracy was slightly reduced in people with diabetes duration above 15 years as well as in people with HbA1C levels higher that 7.5%, but were all acceptable (above 95% in A + B zones). These results correspond with previous studies demonstrating that higher HbA1c levels and longer disease duration affect vascular permeability, thus influencing the time lag between tissue and blood and consequently GlucoTrack estimated glucose levels. Nonetheless, despite these small differences, statistical tests on ARD values showed independency between these examined clinical characteristics and device accuracy. Taken together, these findings indicate that GlucoTrack accuracy is consistent across individuals with different perfusion-related clinical characteristics.

This study focused on the extent to which inter-subject variability in constant time lags alter GlucoTrack performance. Thus, the consistency in GlucoTrack performance across clinical characteristics can probably be accredited to an effective individual calibration, which establishes a baseline for the detection of physiological changes that are not expected to alter substantially during the device calibration period (6 months). Future studies should also examine if the accuracy of GlucoTrack depends on intra-subject variability in the physiological delay imposed by factors such as food intake.

It should be noted that the performance of GlucoTrack is inferior to that of current SMBG and CGMs, mainly due to the indirect non-invasive nature of the measurement that subjects it to suffer from a relatively low signal-to-noise ratio. For this reason, GlucoTrack should not be used for diagnosis and medications intake or treatment decisions should not be based only on measurements obtained by it. Moreover, GlucoTrack device is under constant improvements, aiming to further advance its performance by significantly improving its algorithms, software and features.

There are also several limitations to this study. First, there are other clinical characteristics known to affect perfusion (e.g. cardiovascular and renal disease \[[@CIT0033]\]), that should be addressed in future studies. Second, HbA1c data were missing from 14 subjects, however it is a small proportion of the total population, thus conclusions could have been made. Additionally, due to relatively small sample size we could not distinguish between current and former smokers. Furthermore, a more systematic smoking history assessment (e.g. packs of cigarettes per day) could contribute to more specific insights in this regard. Evaluating GlucoTrack performance in future large-scale studies that assess detailed smoking history may shed light on this issue. Finally, GlucoTrack results were compared against HemoCue, rather than comparing them against gold standard reference samples. This, however, should not affect the interpretation of our results.

In conclusion, GlucoTrack accuracy was comparable across individuals with different clinical characteristics, indicating it is suitable for a variety of people with type 2 diabetes mellitus. We believe that due to its non-invasive nature, the device will encourage frequent glucose monitoring, and thus improve glycemic control and consequentially reduce diabetes-related complications.
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